The fruit fly Ceratitis capitata Wiedemann is one of the most important threats to the trade of fresh fruits in the world due to its ability to survive in a wide range of hosts and climatic conditions. The main goal of this study is to evaluate if there is any significant relationship between the abundance of wild adults of C. capitata and the spatial characteristics of the location. The ordinary least squares estimation model calculated for each gender cannot provide a satisfactory general explanation for abundance of both genders of wild adults, yet it might generate some hypotheses about wild adult females of C. capitata fruit-seeking behaviour. Results from geographically weighted regression analysis can provide a satisfactory general explanation for abundance of both genders of wild adults. Both methods suggest that males are more dispersed than females, and because of that they might play an important role in scouting the surroundings for additional fruit hosts. The presence of some host-plants, even in places offering less protection (like pasture areas), provides an ecological corridor that supports the spread of wild adults of C. capitata.
Spatial regression analysis of Ceratitis capitata

Introduction
Geographic information systems (GIS) are very powerful tools to organize and process spatial data in order to support decision-makers. One GIS data-set was fully designed and maintained through the research projects (MAC/3.1/A1) Interfruta (2004À2006) and (MAC/3.1/ A4) Interfruta II (2006 II ( -2009 for monitoring adults of Ceratitis capitata Wiedemann. This GIS data-set played an important role to identify the main infestation sites, allowing the (MAC/3/A163) CABMEDMAC project currently in progress to set areas of intervention for monitoring and evaluation of control measures for C. capitata. C. capitata is one of the most important threats to the trade of fresh fruits in the world due to its ability to survive in a wide range of hosts and climatic conditions (Carvalho & Aguiar 1997; Sciarretta & Trematerra 2011; Radonjic et al. 2013) . Depending on environmental conditions, its life cycle is normally completed within 20 to 30 days (Bodenheimer 1951; Liu et al. 1995) , and it has a continuous life cycle throughout the year in the Azores, Portugal, and areas with similar climate. Therefore, quarantine is mandatory as an important measure to prevent even more dispersion of this insect through commercial trade to regions where it is still not present (Asia, most of Australasia), or has been controlled or eradicated (North America) (Joint FAO/IAEA Programme 2013) .
According to Hendrichs et al. (2007) , the ecological heterogeneity at within field, within farm and broader spatial scales profoundly affects the population dynamics of pests.
Knowing where pest populations are in time and space is indispensable information needed to effectively plan, implement and evaluate area-wide integrated pest management programmes (Hendrichs et al. 2007 ). Some studies of spatio-temporal dynamics for C. capitata have been carried out (Israely, Ziv, Galun 2005; Israely, Ziv, Oman 2005; Lopes et al. 2009; Sciarretta & Trematerra 2011) to evaluate the effect of landscape elements and host-plants on pest distribution. In all of those studies, the authors mention the importance of GIS in the identification of the main focus where C. capitata are located. In the cited works, the authors have established no other relationship of captures than those related to existing fruit cultures, fruit availability, and also to temperature variations due to the seasons in the area of the survey. These studies have been performed mostly over areas (individual farms or orchards) where there is a limited variation of topography. Across the whole of a region, such as Terceira Island in the Azores, there are many topographic variations, and each place might be more or less favourable to the presence of this insect according to its characteristics.
Therefore, the goal of this study is to evaluate if there is any significant relationship between the abundance of wild adults of C. capitata and some spatial characteristics of a target location. This will allow a better understanding of the environmental distribution of C. capitata, namely finding the most favourable spatial conditions. With this awareness, area-wide control measures, such as sterile insect technique, might have better performance and even reduced programme costs through more precise spatial planning. Decision-makers will be able to predict where higher concentrations of wild adults of C. capitata may be found and where sterile insects go after release.
Material and methods
The geographic location and topographic conditions of each Azorean island provides a different climatic condition that affects fruit production (Batista et al. 2006) .
The climate on Terceira Island is characterized by mild conditions, high levels of humidity and persistent winds. The seasonal climate characterization of Terceira Island is particularly dictated by rainfall (Azevedo 1996) . Since the settlement of the Azorean Islands horticulture has been an engine of economic development for the region, enhancing its relationship with foreign markets, for example through cultivation of oranges . Nowadays, the cultivated orchards in Terceira Island include apples, bananas, citrus and peaches. There are also other cultures in small orchards or home gardens. These fruits are mainly for household consumption or in some cases also for the local market, and these are figs, loquats, custard apples, guavas, passion fruits, pears, grapes, apricots and plums. Many home gardens or even old estates around Terceira Island have at least one type of these fruits trees abandoned without any kind of pest monitoring.
Metadata collected over three years of field research were selected. These metadata are about the average abundance of wild adults of C. capitata, presence of host-plants nearby, land usage, altitude, potential monthly average solar radiation (theoretical by location but not accounting for cloud cover), exposure and slope in 132 sites. Each site belonged to a network of traps spaced at approximately one square kilometre across all parts of Terceira Island, Azores which ranged from sea level to 200 metres of altitude (Figure 1 ). The 200 metres altitude was set as a limit based on the research done by Lopes, Pimentel et al. (2006) , where these authors identified 200 metres as the maximum altitude at which this insect was detected at this latitude. At each site there was an easy trap Ò from SORYGAR baited with Biolure MedFly Ò lure (ammonium acetate, putrescine and trimethylamine) regardless of the presence or not of any fruit host-plant of C. capitata. Counts of wild adults of C. capitata in each trap were made in every 15 days and the attractant was replaced in every 2 months. For the spatial analysis, the software package Spatial Analysis in Macroecology (SAM) (Rangel et al. 2010) was used. Prior to that analysis, data were exported from ArcGis 9.3 software connected to Microsoft Access Database. Two spatial analyses were performed for each gender. In each analysis, the gender abundance was the dependant variable and the rest of the information were independent variables. The first analysis is called "model selection and multimodel inference". The output of this analysis is a list of the best general linear models according to Akaike information criterion weights (AICc wi). Based on this approach, 17 explanatory variables (Table 1) were tested for both genders. Among these 17 explanatory variables, four (altitude, slope, exposure and the potential monthly average solar radiation) were stated to be present in all models to be tested, leaving the others to be included or excluded as discretionary variables. Therefore, the parameter estimates were averaged across 8191 ordinary least squares (OLS) models using AICc wi.
The second analysis performed is geographically weighted regression (GWR). Its basis is the concern that the fitted coefficient values of a global model, fitted to all the data, may not represent detailed local variations in the data adequately (Bivand 2013) .
The output of this approach is more mathematically complex than the first approach because for each site and independent variable, coefficients are calculated based on site and neighbouring sites within a given search distance.
According to Navarro-Llopis et al. (2012) , the distance at which other medfly populations are influenced in an area-wide treated population was about 1.3 km. This value reflects the distance at which a given fruit fly population is influenced by external populations and suggests that C. capitata is able to move more than 1 km seeking hosts. Therefore, taking into account the network trap grid, for the GWR analysis the distance used was 1 km.
Considering 1 km of radius distance for GWR analysis, the maximum possible adjoining sites to be analysed are only eight, including the target site itself, and that was only for a few sites that had to be displaced from the proposed 1 km grid due to physical access conditions. Therefore, the potential host-plants and habitat presence matrices in this analysis cannot be used due to multicolinearity problems, specially caused by the binary nature of the matrix data itself. So, in this analysis only geographic data could be used.
Results and discussion
Model selection and multi-model inference
According to the results presented in Tables 2 and 3 , the best OLS estimation model selected for each gender, having less data entropy, cannot provide a satisfactory general explanation for the abundance of wild adults of either genders (r 2 D 0.33 for males; r 2 D 0.27 for females). Although the coefficients of determination obtained are not high, they have a high significance with P-value for r 2 Table 1 . Explanatory variables to be tested. Previous work from Lopes et al. (2009) indicates that wild male adults are more abundant in traps early in the season. This might be related to the fact that adult males have a biological activity not so dependent on temperature and humidity as it is for females (Pimentel 2010 ). This biological resilience can provide adult males a more enduring foraging behaviour. This is where the importance of the presence of Pittosporum undulatum or Myrica faya might be very relevant. These plants can provide a natural shelter against unfavourable weather conditions, and therefore have a potential importance in sustaining wild male adult abundance. This hypothesis can also be applied for the case of the presence of Solanum mauritianum. It is an exotic plant with large leaves and is evergreen, capable of reaching a considerable size and, therefore, also capable of providing natural shelter. This plant also provides a desirable host fruit and current results suggest that males prefer this plant over Pittosporum undulatum or Myrica faya. In fact, the OLS model suggests this by giving a standard coefficient of 0.218 for the presence of Solanum mauritianum, higher than the standard coefficient of 0.143 for the presence of Pittosporum undulatum or Myrica faya.
According to Prokopy and Hendricks (1979) , the principal site of attempted copulation is the bottom surface of leaves. During late morning and early afternoon, males station themselves at such places, often forming leks, and release sex pheromone, thereby attracting virgin or otherwise receptive females. Work by Shelly et al. (2012) , demonstrated that receptive females are aggressive toward one another and compete for access to displaying males, suggesting that the traditional view that sexual competition in the medfly is restricted exclusively to males may not be accurate.
The exclusion of the predictor related to Solanum mauritianum presence in the female OSL model suggests that fruit infestation of this plant might be related mainly to male presence attracting females. If so, that would imply that males also can have an important incidental influence on females finding hosts fruits as they seek and locate males.
This assumption can be supported by comparing coefficients of determination. Despite the low values, male coefficients of determination are higher than for females. This could be an indication that the presence of plants or habitats can provide an explanation for male abundance that is better than for female abundance. According to standard coefficients from the OLS models, for both genders the presence of pasture area has a negative impact. But this impact is more notable for females (¡0.207) than for males (¡0.162). One of the most infested host fruits is Common fig, which is often found planted as a shade tree in pasture areas, well away from other fruit fly hosts Pimentel 2010) . Its presence has a standard coefficient of 0.236. Common fig is not evergreen, but when it has leaves, their size can also provide natural shelter for males in foraging behaviour. This also supports the assumption of males playing an important role in female fruit finding. With the high negative impact of ¡0.207 due to the existence of pasture area, one can speculate the hypothesis that there is a possible countervailing influence of the presence of males in this host that might lure females and consequently increase the infestation on this type of fruit.
According to Jang (2002) , virgin females are preferentially attracted to the volatile male pheromone compared to host fruit odours. The abundance data are about females in general with no possibility to confirm their status (virgin or mated). According to Arita and Kaneshiro (1989) , the lek formation may serve not only to attract females to the lek site within the tree, but may also be important in attracting females to the specific trees on which the leks are formed. The same author refers to the importance of the wind in extending the range of its attractiveness.
As for other predictors, the ones stated to be present in all models, only two variables stand out as most important, altitude and solar radiation. Both genders show a negative (males D ¡0.268, females D ¡0.264) influence with the increase of altitude, which is normal considering that temperature decreases with altitude. As for the variable of potential monthly average solar radiation, both genders show a positive influence (males D 0.228, females D 0.229) for areas with higher potential monthly average solar radiation. According to partial regression results for the general OLS models, the predictor sets for the presence of potential host-plants and/or habitats are the ones with more explanatory power, rather than the geographic parameters. Also, the results show a relation of this predictor set in the male OLS model (0.25) that is higher than in the female OLS model (0.18). This is a peculiar result because what would be expected was the presence of host-plants to better explain female abundance, instead of male abundance being the better predictor. This result supports the hypotheses of the possible importance of male foraging behaviour on females finding fruits while searching for males.
Geographically weighted regression (GWR)
According to the results presented in Table 4 , the calculated GWR local models for each gender provide a satisfactory explanation (an average of local r 2 of 0.88 for males and an average of local r 2 of 0.92 for females) for abundance of wild adults. The output presented in Table 4 also has the OLS results in case only the geographic predictors are used in that approach. The calculated GWR models have high coefficients of correlation, and the P-value on both was less than 0.001. But these results came with a small price, the entropies verified in this type of analysis are higher than the ones verified in the OLS models.
The GWR models on both genders have 95.75 effective parameters (as opposed to only five in the OLS), and thus it is expected to provide more explanatory power compared with simpler models (OLS). These GWR results show that females are more geographically localized than males, suggesting that males are probably more dispersed than females.
According to Azevedo (1996) , the local topography has a great influence on weather conditions causing the existence of microclimates. The relationship of females with local geographic characteristics might be related to the existence of microclimates that could in turn explain females being more geographically dependent than males due to their temperature and moisture-based biological activity thresholds. Therefore, this is one more result that can also support the hypothesis of males playing an important indirect role on fruit infestations.
It is not possible to elaborate any discussion about the local variation according to the fruit hosts with the data available. Taking into account the numerous fruit trees across Terceira Island (abandoned or not, as well as invasive plants like Solanum mauritianum) and the climatic needs of these species, these results show not only the direct geographic suitability for C. capitata adults but also might indirectly reflect the local suitability for fruit trees (or plants with fruits) attractive to C. capitata adults. Nevertheless, the results indicate the existence of a relationship between the abundance of adults of C. capitata according to the geographic conditions of each location. Hendrichs et al. (2005) refer to a pest aggregation strategy and its cost. The same authors indicate that if released sterile insects could find the same aggregation sites and aggregate in a similar manner as wild insects, then adequate sterile to wild male overflooding ratios are obtained in those sites and there is no need to increase release rates to compensate for such clumping.
Using the coefficients calculated for each geographic variable, in each location and from there interpolating to the rest of the island (below 200 metres of altitude) according to the established radius of 1 km, it is possible to calculate and create a representation (Figure 2 ) of the possible distribution of female adults of C. capitata based on each local model. The GWR analysis was performed using data of locations from sea level to 200 metres of altitude, so for the values of abundance above this altitude the coefficients were automatically calculated using the inverse distance weighting method, which is a type of deterministic method for multivariate interpolation with a known scattered set of points, in order to cover the entire Island. From this graphical representation, it is possible to International Journal of Pest Management 221 identify where it is expected to find higher concentrations of adults of C. capitata and from there to develop a better control strategy.
Conclusions
The results from the GWRs provide a good perspective for decision-makers about the best places to start any programme of medfly control on Terceira Island. With the GWR local predictor estimation results, it is possible to create a model of where on Terceira Island wild adults of C. capitata have the best conditions to survive. Also another important result is the observation that males are more dispersed than females, and because of that they might play an important role in scouting the surroundings for fruit hosts. In the absence of more concrete evidence, the hypothesis can be presented that some fruits might get higher infestations due to females that are attracted to a site by males in that area, rather than specifically through host seeking. The results also support a hypothesis that the presence of some host-plants even in places offering less physical protection (like pasture areas), can also provide an ecological corridor to support the spread of wild adults of C. capitata.
